In mammals, a family of five acyl-CoA synthetases (ACSL), each the product of a separate gene, activates long-chain fatty acids to form acyl-CoAs. Because the ACSL isoforms have overlapping preferences for fatty acid chain length and saturation and are expressed in many of the same tissues, the individual function of each isoform has remained uncertain. Thus, we constructed a mouse model with a liverspecific knockout of ACSL1, a major ACSL isoform in liver. Eliminating ACSL1 in liver resulted in a 50% decrease in total hepatic ACSL activity and a 25-35% decrease in long-chain acyl-CoA content. Although the content of triacylglycerol was unchanged in Acsl1 L-/-liver after mice were fed either low or high fat diets, in isolated primary hepatocytes the absence of ACSL1 diminished the incorporation of [ 14 C]oleate into triacylglycerol. Further, small but consistent increases were observed in the percent of 16:0 in PC and PE and of 18:1 in PE and LPC, whereas concomitant decreases were seen in 18:0 in PC, PE, PS, and LPC. In addition, decreases in long-chain acylcarnitine content and diminished production of acid-soluble metabolites from [ 14 C]oleate into suggested that hepatic ACSL1 is important for mitochondrial β-oxidation of long-chain fatty acids. Because the Acsl1 L-/-mice were not protected from developing either high fat diet-induced hepatic steatosis or insulin resistance, our study suggests that lowering the content of hepatic acyl-CoA without a concomitant decrease in triacylglycerol and other lipid intermediates is insufficient to protect against hepatic insulin resistance.
Introduction
Acyl-CoA synthetase (ACSL) activates long-chain FA to acyl-CoA, thereby enhancing vectorial FA transport across the plasma membrane (1) and providing substrates for most downstream pathways that metabolize FA. ACSL1 is one of 5 ACSL isoforms, each encoded by a separate gene. Its mRNA expression is highest in adipose tissue, liver, and heart (2), and because Acsl1 mRNA and total ACSL1 activity increase 160-fold (3) and 100-fold (4), respectively, in differentiating 3T3-L1 adipocytes, ACSL1 has been thought to be important in activating FA destined for triacylglycerol synthesis. In support of this idea, overexpressing ACSL1 in mouse heart, increases cardiac myocyte TAG accumulation 12-fold, and induces apoptotic pathways, cardiac hypertrophy, leftventricular dysfunction, and heart failure (5). However, Acsl1 mRNA expression is upregulated in liver and adipose tissue by activators of PPARα (6, 7) , via a PPARresponse element in the promoter region of Acsl1 (8) , suggesting a possible function related to the β-oxidation of fatty acids. Moreover, overexpression of ACSL1 in rat primary hepatocytes increases oleate incorporation into DAG, but does not increase TAG mass (9) . Thus, the exact role of ACSL1 in providing acyl-CoA for lipogenesis versus β-oxidation remained uncertain.
It has been suggested that lipid intermediates including fatty acids, long-chain acyl-CoAs, DAG, ceramide, and phosphatidic acid, rather than TAG accumulation per se, might underlie the development of insulin resistance (10) (11) (12) (13) . For example, long-chain acyl-CoAs directly affect glucose metabolism by allosterically inhibiting glycogen synthase, pyruvate dehydrogenase, glucose-6-phosphatase, and glucokinase, (14, 15) , and FAs or acyl-CoAs may also be ligands for HNF4α, a transcription factor that regulates aspects of lipoprotein and glucose metabolism (16) . Further, DAG activates protein kinase C isoforms which can phosphorylate insulin receptor substrates on serine and threonine residues and thereby impair insulin signaling (10) . However, alterations of acyl-CoAs do not always correlate with change in insulin sensitivity (17) . Although acyl-CoA content in muscle has been associated with diminished insulin sensitivity (18) , in liver the relationship between acyl-CoAs and insulin sensitivity is less clear. For example, when lipoprotein lipase is over-expressed and FA flux into the liver from lipoprotein particles is increased, hepatic insulin resistance is associated with an increased hepatic content of TAG and acyl-CoA (19) . However, when diacylglycerol acyltransferase-2 (DGAT2) is overexpressed in liver, the mice retain normal hepatic and whole-body insulin sensitivity despite hepatic steatosis and an elevated acyl-CoA content (20) . Similarly, the absence of glycerol-3-phosphate acyltransferase 1 (Gpat1 -/-) led to protection against hepatic insulin resistance, despite a 64% increase in hepatic acyl-CoA content, arguing against the importance of long-chain acyl-CoAs in promoting insulin resistance (17) . Although a higher content of acylCoAs might contribute to insulin resistance in some models, it is not known whether protection against insulin resistance might be achieved by decreasing hepatic acyl-CoA content.
In order to understand the function of ACSL1 in liver, we constructed a mouse model with a liver-specific knockout of ACSL1 (Acsl1
L-/-
). Eliminating ACSL1 in liver resulted in a 50% decrease in total hepatic ACSL activity and a 25-35% decrease in long-chain acyl-CoA content. This model has allowed us to determine whether ACSL1 deficiency protects liver from hepatic steatosis and alters the incorporation of fatty acids into specific glycerolipids, and to learn whether a decrease in long-chain acyl-CoA content is sufficient to protect the liver from high fat diet-induced insulin resistance.
Experimental procedures

Generation of Acsl1
L-/-mice -Liverspecific ACSL1 knockout mice (Acsl1 L-/-) were created by LoxP-Cre strategy (21) . The gene targeting vector was designed to produce a floxed Acsl1 exon 2 ( Figure 1A) , and was constructed in a standard plasmid backbone containing neomycin phosphotransferase (neo) and thymidine kinase (TK) cassettes for positive and negative selection, respectively. The 5' arm of homology was 4.5 kb in length and was derived from intron 1, while the 3' arm was 3.8 kb in length and derived from a portion of intron 2, exon 3 and a portion of intron 3. Between the arms, a floxed exon 2 was cloned.
The targeting vector was electroporated into E14Tg2A (E14) ES cells and the cells were grown in medium supplemented with G418 and gancyclovir. Targeted cells were identified by PCR across both the 3' and 5' arms of homology using primers specific to neo and primers flanking the arms of homology. Neo was then excised from the targeted allele via transient expression of flpE recombinase ( Figure 1B) . Targeted, neo-minus cells were microinjected into blastocysts derived from mouse strain C57BL/6 to produce transmitting chimeras. Twenty-one highquality chimeras were produced that transmitted the targeted allele. Duplex PCR was performed to distinguish wild-type and Flox alleles with wild-type specific primers (forward 5'-AGCAAGCCACATGAAGGCATGTGTG- 3 Figure 1C) . The presence or absence of the Alb-Cre transgene was determined by duplex PCR using Cre-specific primers (forward 5'-GCGGTCTGGCAGTAAAAACTATC-3', reverse 5'-GTGAAACAGCATTGCTGTCACTT-3') and IL-2 as internal control for amplification (forward 5'-CATGGCCACAGAATTGAAAGATCT-3', reverse 5'-GTAGGTGGAAATTCTAGCATCATCC-3') ( Figure 1C) . To confirm the knockout of exon 2 in Acsl1 L-/-mice, total RNA was extracted (Qiagen RNAeasy Mini kit) from Acsl1 L-/-mice and control mice, and cDNA was synthesized by reverse transcription (Applied Biosystems). PCR was conducted with forward primer 5'-GCGGAGGAGAATTCTGCATAGAGAA-3' and reverse primer 5'-ATATCAGCACATCATCTGTGGAAG-3'. PCR amplification of the region between coding exon1 and exon10 yielded a band of ~1 kb in control mice and a smaller band of ~900 bp in Acsl1 L-/-mice (Fig. 1D) . DNA sequencing (the UNC Genome Analysis Facility) of the purified bands (QIA quick gel extraction kit) showed that in Acsl1 L-/-mice, exon 1 was followed immediately by exon 3, proving that the shorter PCR product in Acsl1 L-/-mice was due to the missing exon 2 (118 bp). The absence of exon 2 causes a frame shift and introduces a stop codon (TAG) immediately after exon 1, resulting a truncated peptide of 70 amino acid in the Acsl1 L-/-mice, compared with a 699 amino acid protein in the control mice (sequence not shown). Flox/Flox and Acsl1 L-/-mice, by in situ liver perfusion using a modification of the collagenase method (23) . Briefly, the livers were first perfused with a Ca 2+ -free perfusion buffer (10 mM HEPES, 132 mM NaCl, 20 mM dextrose, 6.7 mM KCl, 1 mM adenosine, 1.5 mM NaOH, 0.1 mM EGTA, 0.02 U/ml insulin) and then with Ca 2+ -containing collagenase buffer (0.3 mg/ml; type CLS I, 230 U/ml; Worthington, Lakewood, NJ). Hepatocytes were collected after low-speed centrifugation and seeded (1.0 x 10 6 cells/60 mm dishes) onto collagen-coated plates as previously described (24) . The next day hepatocytes were labeled with 2 ml of medium containing 0.5 μCi of [1- 14 C]oleate ( final concentration of 500 μM oleate) for 3h, and then collected for cellular lipid extraction (25) and medium acid soluble metabolites (ASM) as a measure of incomplete FA oxidation (24) . Glucose and insulin tolerance tests ─ Oral glucose tolerance tests (OGTT) and insulin tolerance tests (ITT) were performed in 5 mo old mice (after 3 mo of high-fat or control diet feeding). Mice were fasted for 4 h after the start of light cycle and gavaged with glucose (2.5 g/kg) for glucose tolerance tests, or injected intraperitoneally with insulin (0.75 U/kg) for insulin tolerance tests. Blood glucose was determined before and 15, 30, 60, 90, and 120 min after the glucose or insulin load with a glucometer (LifeScan Inc.) (26) .
Animal Experiments
Euglycemic-hyperinsulinemic
glucose clamp experiments -In 11-13 week old mice that had been fed a high fat (safflower oil) diet for the preceding 3 weeks, clamp studies were performed as previously described (27) Liver insulin signaling -Male mice (~5 months) were fasted overnight (16 h) and anesthetized with Avertin. Insulin (1 U/kg body weight) or phosphate buffered saline was injected via the portal vein. Two min later, the left liver lobe was snap frozen in liquid nitrogen. Liver tissue was pulverized and homogenized on ice in a HEPES buffer (pH 7.4) containing 1% Nonidet P-40, 100 mM NaCl, 2% glycerol, 5 mM NaF, 1 mM EDTA, and proteinase inhibitor cocktail and phosphatase inhibitor cocktails I and II (Sigma). Homogenates were centrifuged at 16,000 x g for 30 min at 4 o C, and supernatants were used for Western blotting with antibody against phosphorylated AKT.
Western blot -ACSL1 expression was determined in liver, gonadal adipose tissue and heart using a polyclonal peptide antibody (a gift from Cell Signaling, #4047). Homogenates from liver and heart, or total particulate from gonadal adipose tissue were separated by electrophoresis on an 10% polyacrylamide gel. Phosphorylation of AKT (Ser473) was determined in the liver supernatant after injection of insulin through the portal vein.
Anti-phospho-AKT (Ser473) and anti-AKT were from Cell Signaling. Adobe Photoshop software was used for densitometry analysis. 3 H]oleoyl-LPA, and 1 mg/mL bovine serum albumin (essentially FA-free) (29) . The reaction was started by adding 0.2 -0.8 µg liver total particulate followed by incubation for 6 min at 37 o C.
Liver and plasma metabolites ─ Lipids were extracted by a modified Folch method (30, 31) , and liver TAG (Stanbio) and total cholesterol (Wako) mass were determined enzymatically. To determine hepatic lipid metabolite profiles, liver (100 mg) was homogenized with appropriate internal standards in specific organic reagents (17) . After separation, purification, and elution, lipid metabolite extracts were separated by high performance liquid chromatography and individual and total lipid species were analyzed by LC/MS/MS (17) . Liver glycogen was extracted and digested with amyloglucosidase for 30 min at 37 o C (32). Glucose concentration was determined using the Glucose Autokit CII assay (Wako). For acyl-carnitine species, male mice fed a standard chow diet were fasted 48 h before livers were collected.
Specimens of powdered liver were homogenized in deionized water and extracted, and acylcarnitine species were measured by directinjection electrospray tandem mass spectrometry (33) . For plasma chemistries and lipids, after Avertin anesthesia, blood was obtained from the tail vein or the retroorbital venous plexus. Plasma glucose, TAG, total cholesterol, free FA, β-hydroxybutyrate (Wako, Stanbio) and insulin (Roche) were determined with commercially available kits (34) .
RNA extraction and quantitative realtime PCR assay ─ Total liver RNA was isolated using the RNAeasy Plus Mini kit (Qiagen) and 20 μg of total RNA was reverse transcribed to cDNA using the Highcapacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative PCR was performed with the iCycler Thermal Cycler instrument (Bio-Rad) in 25 μL using SYBR Green Fluorescein reagent mix and 10 nM fluorescein as the calibration dye (Applied Biosystems). Each reaction contained cDNA derived from 20 ng total RNA.
Oligonucleotide primers were designed using the Primer-BLAST program (NCBI). Sequences of primers are listed in Supplementary Table 1 . The fold change in expression of the target genes was normalized to the endogenous control (β-actin), and was calculated relative to the control group using the 2 -ΔΔCT method (35) .
Statistical analysis ─ Values are expressed as mean ± standard error of the mean (SEM). Statistical comparisons between control and ACSL1 knockout mice were determined using an unpaired, two-tailed Student's t-test. Statistically significant effects of diet and genotype were identified using a two-way analysis of variance (ANOVA) with interaction. A p < 0.05 was considered significant unless otherwise indicated.
Results
Generation of liver-specific ACSL1 knockout mice (Acsl1
L-/-) The generation of targeting vector, ES cells containing floxed Acsl1 allele, and chimeras were described in the Experimental
) were produced by interbreeding double heterozygotes ( Figure 1C) Flox/Flox mice. These two genotypes were born at the expected frequency (1:1), indicating that the combination of the floxed allele and the Cre transgene did not affect reproduction. Acsl1
Flox/Flox mice were used as controls because pilot studies showed that neither the loxP sites nor the presence of albumin-Cre altered ACSL1 expression or phenotype (data not shown)
Acsl1 mRNA was virtually absent in Acsl1 L-/-liver, confirming the ACSL1 deletion ( Fig.  2A) . No difference was observed for the mRNA from the other two major ACSL isoforms in liver, Acsl4 and Acsl5. The increase in mRNA amount of the less abundant ACSL isoform, Acsl3, was not significant. The mRNA abundance for FATP2, 4, and 5 which have very longchain acyl-CoA synthetase activity, also remained unchanged in Acsl1 L-/-liver.
Using a rabbit peptide antibody against human ACSL1, we detected a ~75 kDa band in liver from control liver, but not in liver from Acsl1 L-/-mice, whereas the band was present in gonadal adipose tissue and heart from both control and knockout mice, indicating that the deletion of ACSL1 was specific to liver (Fig. 2B) . Consistent with the RT-PCR and Western blot results, total ACSL activity in liver homogenates was 56% and 47% lower than in control male and female mice, respectively (Fig. 2C) . This decrease in ACSL activity indicates that ACSL1 contributes around 50% of total ACSL activity in liver and that other ACSL isoforms did not compensate for the loss. The remaining ACSL activity probably represents activity from other ACSL and FATP isoforms present in liver.
At 12-14 weeks, Acsl1 L-/-mice showed no significant difference from control mice for body weight, organ weights, adiposity or plasma metabolites (Supplementary Table  2 ). Because it has been reported that ACSL1 is upregulated by PPARα, a transcription factor that increases FA β-oxidation (6,7), we compared Acsl1 L-/-and control mice after a 24 h fast. After a 24 h fast, both knockout and control mice lost about 3 g body weight, and had similar changes in blood glucose, insulin, TAG, total cholesterol, ketone bodies, and hepatic glycogen (Supplementary Table 3) . No difference was observed when the 12-14 week old mice were subjected to oral glucose tolerance and insulin tolerance tests (data not shown), suggesting that ACSL1 deficiency in liver did not affect glucose metabolism.
Acsl1
L-/-liver contained less acyl-CoA.
ACSL isoforms provide acyl-CoAs, not only for lipid metabolism, but also for lipid intermediates that are important for cell signaling. Previous studies have suggested that acyl-CoAs and DAG might affect insulin sensitivity in skeletal muscle and liver (10) . To examine the effect of a deficiency of ACSL1 in liver, the amounts and composition of the FA-derived lipid intermediates, acyl-CoAs, LPA, and DAG, was measured in mice fed matched low and high fat diets. The high-fat diet contained 45% calories from predominantly saturated fat. As might be expected with a 56% decrease in hepatic ACSL activity in male Acsl1 L-/-mice, both the amount and major species of acyl-CoA were affected. In both genotypes, the high fat diet increased the total and all major acyl-CoAs except C16:1-CoA and C18:1-CoA (Fig. 3A) . When fed either the control or the high fat diet, the content of acyl-CoA in knockout mice liver was 35% and 25% lower, respectively, than in liver from control mice ( Table 1) . The major acyl-CoA in liver, C18:1-CoA, was 42% and 29% lower in knockout mice fed the control diet or the high fat diet, respectively (Fig. 3A) . The decreases in multiple acyl-CoA species are consistent with the broad substrate range of ACSL1 (36) .
Despite the lower content of acyl-CoA, liver from Acsl1 L-/-mice fed the high-fat diet contained 52% more total LPA and 42% more C16:0-LPA than control liver (Fig.  3B) . The 314% and 49% higher C18:0-LPA and C16:1-LPA were also close to statistical significance (p=0.06, and p=0.08, respectively). We measured the mRNA abundance and enzyme activity of GPAT, the enzyme that uses glycerol-3-phosphate and acyl-CoA to form LPA. For the four known GPAT isoforms, none of the changes in mRNA abundance were significant (including Gpat3 [p = 0.09, Fig. 3C]) . Similarly, the 11% increase in total GPAT activity was not statistically significant (p = 0.06, 1.96 ± 0.07 nmol/min/mg protein in control versus 2.17 ± 0.07 nmol/min/mg protein in knockout liver). Because the increase in LPA might have also been caused by a decrease in its metabolism, we measured the activity of AGPAT, which acylates LPA to form phosphatidic acid. No significant difference was found between control and knockout mice (data not shown). Thus, the increase in LPA in Acsl1 L-/-liver from high fat diet-fed mice remains unexplained. Total hepatic LPA content in mice fed the standard diet was similar in the two genotypes (Table 1) .
The decrease in total acyl-CoA content did not affect the hepatic content of DAG in Acsl1 L-/-liver which was similar for both genotypes, when mice were fed either the control diet or the high-fat diet (Fig. 3D,  Table 1 ). The Acsl1 L-/-DAG composition was similar to that of control mice, except for 27% and 21% less C18:0/C18:0-DAG and C18:0/C16:0-DAG, respectively, when mice were fed the control diet, and 27% and 44% less C18:1/C18:2-DAG and C18:2/C18:2-DAG, respectively, when mice were fed the high-fat diet (Fig. 3D) .
Incorporation of oleate into hepatocyte TAG and long-chain FA oxidation was impaired with ACSL1 deficiency. Based on substrate preferences, tissue location, subcellular location, and different sensitivity to inhibitors, we had previously hypothesized that each ACSL isoform provides acyl-CoAs destined for specific downstream pathways (37) . Despite the normal liver content of TAG, when hepatocytes from control and Acsl1 L-/-mice were incubated with [
14 C]oleate, the incorporation of the fatty acid into TAG was 20% lower, in the knockout cells (Fig. 4A) . Labeled media ASM, the product of incomplete FA oxidation, was 4.5 % lower in the knockout cells.
In addition,
hepatocytes during a 2 minute uptake experiment was similar to that of controls (data not shown).
Further, Acsl1 L-/-and control mice had similar plasma β-hydroxybutyrate concentrations, after they were fed, fasted for 24 h, or fed with the high-fat diet (Supplementary Tables 1-3 ). However, a comprehensive analysis of the liver acylcarnitine species by tandem mass spectrometry showed that Acsl1 L-/-liver contained 50%, 58%, and 55% less C18:2-carnitine, C18:1-carnitine, and C18:0-OH, respectively, and twice as much C8:0-carnitine (Fig. 4B) . Long-chain acylcarnitines are mitochondrial intermediates that are derived directly from their corresponding acyl-CoAs, and thus reflect the flux of FA through mitochondrial FA oxidation (33) . The decreases in long-chain acyl-carnitines were consistent with the lower incorporation of label from [ 14 C]oleate into ASM and suggested that long-chain FA oxidation in liver is impaired by ACSL1 deficiency. The increase in C8:0-carnitine, in contrast, suggested that peroxisomal FA oxidation had increased, and the mRNA for acyl-CoA oxidase 1, a key enzyme in peroxisomal oxidation, was 91% higher in Acsl1 L-/-liver.
Phospholipid composition was altered in
Acsl1 L-/-liver. Because in vitro assays with purified ACSL1 showed activation of a broad range of saturated and unsaturated fatty acids with little apparent difference in FA preference (38, 39) , the lipid profile in Acsl1 L-/-liver was examined to determine whether a preference would be expressed in vivo. When fed the high-fat diet, TAG increased in both genotypes and Acsl1 L-/-liver contained more DAG, FA, and lysophosphatidylcholine (Fig. 5) . In Acsl1 L-/-liver, small, but significant differences were observed in the distribution of specific FAs in several phospholipid species. Acsl1 L-/-liver PC and PE contained a higher percent of C16:0, and PC, PE, and PS contained a lower percent of C18:0 compared to control mice (Fig. 6A-C) .
Compared to phospholipids in control liver, Acsl1 L-/-liver LPC contained more C16:0 and C18:1 and less C18:0 and C20:4 (Fig. 6E) . Few differences were observed in the genotypes for cardiolipin FA composition (Fig. 6D) . These lower percentages of C18:0 in Acsl1 L-/-liver phospholipids were also present after the mice were fed a high fat diet for 3 months, suggesting that ACSL1 makes a specific contribution of 18:0-CoAs to phospholipid composition either during de novo synthesis or during fatty acid recycling.
Unlike the changes in phospholipids, the hepatic content of neutral lipids including CE and TAG did not change significantly in Acsl1 L-/-liver (Fig. 7) . High fat diet feeding decreased the percentages of C16:1 and C18:1n7 in TAG in both control and knockout mice, but no difference between genotype was observed.
Acsl1 L-/-liver contained a lower percentage of C20:4 and C22:6 in TAG, and tended to have lower percentage of C18:2 TAG (p=0.05) when fed the high fat diet. These data indicate that neither a 50% decrease in total ACS activity nor a specific deficiency of ACSL1 alters the predominant TAG species.
ACSL1 deficiency did not protect mice from developing insulin resistance
Because the Acsl1 L-/-liver contained 25-35% less acyl-CoA than control mice, we questioned whether Acsl1 L-/-mice would be protected from developing hepatic and whole-body insulin resistance. OGTT and ITT were performed in mice fed a high-fat diet for 3 mo. Compared to mice fed the control diet, mice fed the high fat diet had higher peak blood glucose levels and a larger area under the curve during the OGTT and but no differences between genotypes were observed in either the OGTT or the ITT (Supplementary Fig. 1A, B) .
To examine the possibility that long-term feeding might cause a compensatory adaptation, we examined the tissue and whole-body insulin sensitivity using euglycemic-hyperinsulinemic clamp experiments in young mice (11-13 wk) after they were fed a high fat (safflower oil) diet for 3 wk. Hepatic ACSL1 deficiency had no effect on hepatic and whole-body insulin sensitivity, hepatic glucose production, or peripheral glucose utilization (Fig. 8) . Thus, a hepatic ACSL1 deficiency did not protect the mice from diet-induced whole body or hepatic insulin resistance. Further, direct insulin injection into the portal vein increased Akt Ser473-phosphorylation similarly in control and knockout mice (Supplementary Fig. 2) , consistent with the interpretation that the 25-35% lower hepatic acyl-CoA content observed in the knockout liver ( Table 1) did not enhance hepatic insulin signaling.
Discussion
Long-chain ACS isoforms activate FAs of between ten and twenty-two carbons and provide acyl-CoAs for lipid synthesis, lipid oxidation, and lipid signaling. Since the discovery of the first ACSL isoform, ACSL1, in 1990 (38), four additional mammalian ACSL isoforms have been identified, each with several splice variants (40) . Major progress has been made in our knowledge of ACSL primary structure, enzymatic kinetics, tissue distribution, subcellular location and nutritional regulation. However, since no specific inhibitors for individual ACSL isoforms have been identified, the exact role of each ACSL in lipid metabolism and lipid signaling remained unknown. We previously hypothesized that specific ACSL isoforms provide acyl-CoAs for particular metabolic pathways, and that individual ACSL isoforms might have tissue-specific functions. Supporting evidence includes in vitro overexpression studies of ACSL1 and ACSL5 (24, 41) . Overexpressing ACSL1 in primary hepatocytes increases the incorporation of oleate into DAG and phospholipid and decreases incorporation into CE, but has no effect on TAG. In contrast, overexpressing ACSL5 in hepatoma cells partitions exogenous FA towards TAG synthesis and storage, but not towards phospholipid or CE synthesis. However, gain-of-function studies are fraught with possible ambiguities. The overexpressed protein may be mislocated or the overexpressed enzymatic product may overwhelm the capacity of downstream metabolic pathways. Thus, we constructed a mouse deficient in ACSL1 in liver to elucidate the role of ACSL1 in hepatic metabolism.
Using the LoxP-Cre strategy, we knocked out the Acsl1 gene specifically in liver, demonstrated by the absence of the exon 2 sequence, the > 94% knockdown of Acsl1 mRNA by quantitative RT-PCR, and the absence of ACSL1 protein. The specific activity of ACSL in liver was 50% lower than in controls, confirming that ACSL1 is a major hepatic ACSL isoform. Changes in mRNA from the other major ACSL and FATP isoforms were not significant and the loss of ACSL specific activity suggested that a complementary increase of other proteins with ACSL activity had not occurred. Overall, the lack of ACSL1 and 50% of ACSL activity in liver did not have a major effect on mouse phenotype, viability, adiposity, or growth. Liver and adipose tissues were of normal weight, and the plasma concentrations of FA, TAG, total cholesterol, and fasting ketone bodies did not change.
The ability of ACSL to convert lipophilic FAs into water soluble acyl-CoAs that are trapped within cells stimulated the concept that proteins with ACSL activity might facilitate cellular FA uptake (1). In fact, ACSL1 was identified in an unbiased search designed to clone proteins that increase the uptake of long-chain FAs into cells (42) . However, when over-expressed 3.7-fold in rat primary hepatocytes, ACSL1 did not increase total metabolized FA (9), either because ACSL1 does not enhance FA uptake in hepatocytes, or because this gainof-function model could not further increase an already high basal rate of FA uptake. In the present study, the 25-35% lower total acyl-CoA and major acyl-CoA species in the Acsl1 L-/-liver could be due solely to the decrease in ACSL activity, or to the combined effect of decreased ACSL activity and decreased ACSL1-mediated FA uptake. Arguing against the latter possibility is the observation that plasma non-esterified FA concentrations were similar in control and Acsl1 L-/-mice under all conditions tested, and the finding that FA uptake was similar in control and Acsl1
L-/-
hepatocytes. Further, cellular FA content was unchanged or increased in Acsl1 L-/-liver.
The major findings in the liver-specific Acsl1
L-/-mice were the changes in phospholipid fatty acid composition and the decreases in TAG and ASM synthesis by isolated hepatocytes. The observed relative increases in C16:0 and C18:1 and decreases in C18:0 and C20:4 in several phospholipid species points out limitations in drawing conclusions about substrate preference based on in vitro assays. Thus, the reported FA preferences of purified ACSL1 (39) did not predict the changes in actual FA composition observed in liver phospholipids, a composition that likely depends on both substrate availability, enzyme affinity, and lysophospholipid acyltransferases activities.
Further, one would not have predicted that FA composition would change in only some glycerolipids, like LPC, PC, and PE, but not in others like TAG, and that diet would have so little influence on FA composition.
With regard to TAG synthesis, the function of ACSL1 in liver has been unclear. On the one hand, hepatic Acsl1 mRNA is higher in obese and hypertriglyceridemic rats with fatty livers (43, 44) , suggesting a link with TAG synthesis. On the other hand, PPARα ligands which stimulate genes required for FA β-oxidation, strongly induce hepatic Acsl1 mRNA (6,7), via a PPAR-response element in the gene promoter (8) . Moreover, ACSL1 is located both in liver endoplasmic reticulum (45) and in mitochondria (46) , the organelles responsible for TAG synthesis and FA β-oxidation, respectively.
Experimentally, overexpressed ACSL1 in NIH 3T3 fibroblasts, mouse heart, or mouse liver increased TAG synthesis (5, 47, 48) , but adenovirus-mediated overexpression in rat primary hepatocytes did not affect oleate incorporation into TAG (9), and siRNA targeting of Acsl1 in human hepatoma Huh7 cells did not alter oleate incorporation into TAG (49) . In the current study, the ACSL1 deficiency did not protect mice from dietinduced hepatic steatosis, however, in isolated hepatocytes, [ 14 C]oleate incorporation into TAG was diminished by 20%. Although our findings suggest that ACSL1 is not critical for hepatic TAG synthesis, it is possible that Acsl1 L-/-liver had adapted to the ACSL1 deficiency by altering the transcription of genes that are involved in the uptake and/or metabolism of lipids.
Despite the lack of difference in plasma β-hydroxybutyrate concentration between genotypes at baseline, after fasting for 24 h, or after feeding low or high-fat diets, a defect in β-oxidation is supported by several observations. First, Acsl1 mRNA in liver is up-regulated by PPARα, a major transcription factor that increases the expression of genes involved in FA β-oxidation. Second, despite the low, but significant, 4.5% decrease in incorporation of [ 14 C]oleate into ASM in isolated hepatocytes, the 50-58% decreases in liver C18-carnitines is consistent with a reduced flux of acyl-CoAs into the pathway of mitochondrial β-oxidation (33), and the 2-fold increase in C8:0-carnitine and the 91% increase in acyl-CoA oxidase-1 mRNA suggest a compensatory increase of FA oxidation in peroxisomes. Taken as a whole, our data suggest that both TAG synthesis and β-oxidation of long-chain FA are impaired in Acsl1 L-/-liver.
In the context of excess TAG stores in nonadipose tissues, increases in acyl-CoA, DAG and ceramide have each been linked to insulin resistance (10) (11) (12) . In Acsl1 L-/-mice fed a high fat diet, hepatic total acyl-CoA content and major acyl-CoA species were 25% lower than in controls, and we wondered whether the mice would be protected from developing insulin resistance. The ACSL1 deficiency also caused an increase in hepatic LPA content and a decrease in several DAG species, but did not change the total amount of DAG. Despite these alterations in lipid intermediates, Acsl1 L-/-mice were normal in their glucose metabolism, in glucose and insulin tolerance, and in the ability of insulin to stimulate AKT phosphorylation. When challenged with a 45%-fat diet for 15 weeks, Acsl1 L-/-mice became as obese and insulin resistant as control mice.
Further, a euglycemic-hyperinsulinemic clamp study showed no significant differences between the genotypes in hepatic or whole-body insulin sensitivity in young mice fed a high fat diet for 3 weeks. A previous study showed that an increase in hepatic acyl-CoA content does not result in insulin resistance (17); our current study suggests that a decrease in acyl-CoA content does not protect against insulin resistance when liver TAG content is elevated.
In summary, this is the first knockout model designed to study the role of ACSL1 in liver and in whole body metabolism. Despite the absence of hepatic ACSL1, a 50% decrease in ACSL specific activity, and a 25-35% decrease in acyl-CoA content, no obvious changes were observed in liver morphology or appearance, organ weights, or plasma lipid concentrations, and Acsl1 L-/-mice were not protected from diet-induced hepatic steatosis. Small, but consistent changes were present in the FA composition of the major phospholipids, and β-oxidation was impaired.
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Homogenates from control and Acsl1 L-/-liver were assayed in the presence of 50 μM [1-14 C]palmitic acid. Data show means ± SEM from 5-7 mice per each group. * p<0.05, ** p<0.0001 versus control mice (Student's t-test). cells/60-mm dish) were incubated with 500 μM [1- 14 C]oleate for 3 h, harvested, and medium was collected for acid-soluble metabolites (ASM), for the products of incomplete FA oxidation.
[1-
14 C]oleate incorporation into neutral lipid species was determined as described under "Experimental Procedures." Data are reported as means ± S.E. from a representative experiment performed in triplicate dishes. *p < 0.05, **p < 0.01, ***p <0.001. B) Male mice fed a chow diet (Prolab Isopro ® RMH 3000, LabDiet) were fasted for 48 h before livers were collected. Acyl-carnitine species were analyzed by tandem mass spectrometry. DC, dicarboxylated acylcarnitines; OH, hydroxylated acyl-carnitines. Data show means ± SEM for 4 animals per group. * p <0.05 for Acsl1 L-/-mice versus control mice. L-/-mice fed a high fat diet for 3 weeks were studied after 16 h of food deprivation. With an infusion of 2.5 mU insulin/kg/min, plasma glucose was maintained by an intravenous variable 20% glucose infusion and rates were determined for A) glucose infusion rate and peripheral glucose uptake, B) basal and clamp hepatic glucose output, and C) glycolysis and glycogen synthesis. Results are expressed as means ± SEM (n=10 for each genotype) 
